Involvement of the electrophilic isothiocyanate sulforaphane in

Arabidopsis local defense responses
The HR is a complex defense reaction characterized by the induction of programmed cell death (PCD) in the local host tissue, as well as activation of other defense responses in both local and systemic tissue (Mur et al., 2008; Shah, 2009 ). Oomycetes and true fungi also secrete proteinaceous effectors that can be recognized by host R-proteins (Coates and Beynon, 2010; Huckelhoven and Panstruga, 2011; Feng and Zhou, 2012) . The lesions formed during the HR vary in size between different host-pathogen pairs, however, a lesion induced at one or a few cells can spread to surrounding cells (Mur et al., 2008) . Since pathogens inducing HR typically fail to proliferate, the first infected cell(s) likely releases a compound(s) which promotes PCD in surrounding cells. This is especially clear in models with oomycete and fungal pathogens, where the localization of the pathogen and the spread of cell death around the infection site can be clearly visualized (Mur et al., 2008; Coates and Beynon, 2010) . "Trailing necrosis" is an incomplete resistance phenotype characterized by cell death that "trails", but fails to contain the filamentous growth of the pathogen. One explanation for trailing necrosis is a failure of infected cells to produce a putative mobile defense signal required to enhance defense in neighboring cells. Further from the site of PCD, other defense pathways are activated and systemic tissue is primed for defense. 6 The hunt for systemically acting compounds has been intensive and several candidates for this signal have been presented (Dempsey and Klessig, 2012) . In contrast, even though the phenomenon of HR as a defense reaction was described almost a century ago (Stakman, 1915; Mur et al., 2008) , compounds acting on the local tissue-scale of the HR have attracted little attention. We set out to find substances released from cells undergoing the HR which could induce cell death in naïve tissue. We report that leaf tissue of the model plant Arabidopsis thaliana (hereafter Arabidopsis) releases the reactive electrophilic compound sulforaphane after bacterial effector recognition. Mutants affected in sulforaphane production as well as other glucosinolate breakdown products showed delayed or reduced cell death after recognition of pathogenic effectors and decreased resistance to an oomycete pathogen. Moreover, pre-treatment of plants with sulforaphane enhanced resistance against a virulent oomycete isolate. Thus, we interpret this as, sulforaphane and likely similar compounds might possess both direct antimicrobial properties and through a cytotoxic mechanism act directly on plant cells to trigger defense responses.
Results
Isolation and identification of a cell death inducing compound released from Arabidopsis tissue undergoing HR
To investigate if cells undergoing the HR release chemical signals to induce or promote cell death in non-infected tissue, a transgenic system to scale up the HR was used. The transgenic system consists of Arabidopsis harboring a dexamethasone (DEX) inducible copy of the and from untransformed wild type material had no apparent effect on plant tissue (Fig. 1B) . It is thus apparent that Arabidopsis tissue undergoing HR releases one or several soluble compounds which can induce cell death in naïve leaf tissue.
The active material was further fractionated by HPLC (Fig. 1C) , and a fraction with ability to induce cell death evident as visual lesions and by trypan blue staining was obtained. GC-MS analysis of this active fraction revealed a single peak (Fig. 1D) . Comparison with publically available mass spectra libraries identified the compound as 4-methylsulfinylbutyl isothiocyanate, a compound widely known by its trivial name sulforaphane. The mass spectrum (Fig. 1E) showed the expected molecular ion at m/z 177 and a prominent peak at m/z 160 caused by the loss of the sulfoxide oxygen plus one hydrogen. The mass-and UV absorption spectra ( Fig. 1F) were identical to that reported for purified sulforaphane (Tierens et al., 2001) . A sulforaphane standard co-eluted with the active fraction in the semi preparative HPLC system. Thus, the purified compound isolated from Arabidopsis leaf tissue undergoing HR was unambiguously identified as the isothiocyanate sulforaphane (Fig. 1G ).
Sulforaphane released by Arabidopsis tissue undergoing HR can be degraded by P. syringae
SAX genes
Quantification of sulforaphane released into the bathing solution from leaf discs of DEX:AvrRpm1/Col-0 plants revealed that during 12 hours post induction, about 200 nmol sulforaphane was released per gram of tissue ( Fig. 2A) . A near peak concentration was reached after 6 hours and remained high for at least 24 hours. The corresponding transgenic line in the rpm1-3 background released less than 5 nmol sulforaphane per gram 12 hours after induction.
The release of sulforaphane from wild-type and rpm1-3 leaf tissue infiltrated with P. syringae expressing AvrRpm1 (DC3000:AvrRpm1) was similar to that of plants harboring dexamethasone inducible AvrRpm1, except that the concentration of released sulforaphane decreased dramatically between 12 and 24 hpi (Fig. 2B ).
It has been reported that sulforaphane formation is induced in Arabidopsis in response to several non-host bacterial pathogens (Fan et al., 2011 
Sulforaphane and other isothiocyanates induce cell death in naïve leaf tissue
Leaf infiltration experiments were conducted in order to determine the concentration of sulforaphane needed to induce cell death. As seen in Fig. 3A , visible cell death occurred after infiltration of 0.5 and 1 mM of sulforaphane. In some experiments lower concentrations were sufficient, but 0.5 mM always caused large visible lesions. This concentration also produced large necrotic lesions on leaves of several other plant species, broad bean and sunflower is shown in figure 3B and C.
For a more precise measurement of cell death, electrolyte leakage after infiltration with sulforaphane was monitored. As seen in Fig. 3D , 100 µM sulforaphane was sufficient to cause significant electrolyte leakage and 200 µM caused a large loss of cellular electrolytes 48 h after infiltration. Infiltration with benzyl-, butyl-and isopropyl isothiocyanate at 100, 200 and 400 µM was also tested for their ability to induce cell death. The strongest effect was observed with benzyl isothiocyanate, which at 100 µM already induced robust electrolyte leakage by 6 h. An effect of butyl isothiocyanate was apparent but weaker than that of benzyl isothiocyanate and sulforaphane, whereas isopropyl isothiocyanate seemed to lack effect over mock infiltration.
It is believed that the major mode of action of sulforaphane in mammalian cells is to decrease the cellular glutathione pool (Valgimigli and Iori, 2009 ). This would be consistent with its reactive electrophile properties and it is well known that plant defense triggers oxidative stress that contributes to cell death (Overmyer et al., 2003; Torres, 2010) . Total and oxidized glutathione was therefore measured in leaf discs 30 min after infiltration with a sulforaphane solution (Fig.   4 ). Treatment with sulforaphane led to a severe depletion of the total glutathione pool and consequently to a large calculated increase in the redox potential of the glutathione pool.
Mutants with reduced capacity of sulforaphane production display decreased cell death response There are currently no specific biosynthesis mutants available which lack capacity to produce sulforaphane (Sonderby et al., 2010b) . However, the two transcription factors MYB28 and MYB29 have been found to control the production of aliphatic glucosinolate precursors in Arabidopsis (Beekwilder et al., 2008; Sonderby et al., 2010a syringae DC3000:AvrRpm1 and the growth of the bacteria measured 3 days later (Fig. S3) . The two double mutants demonstrated no change in resistance to P. syringae expressing AvrRpm1.
To further explore the role of sulforaphane in the plant's local resistance responses, we used the oomycete Hyaloperonospora arabidopsidis (Hpa) . Arabidopsis wild type Col-0 carries the RPP2 and RPP4 genes that mediates recognition and triggers HR in response to the isolates Hpa-Cala2
and Hpa-Emwa1, respectively (van der Biezen et al., 2002; Sinapidou et al., 2004) . The wild type Col-0 and the myb28 myb29 and tgg1 tgg2 double mutants were inoculated with the isolate Hpa-Cala2 and the extent of cell death at the infection sites was scored after trypan blue staining (Fig. 6A) . In wild type Col-0, about 90% of the interaction sites resulted in quick localized cell death and no visible growth of the pathogen (Fig. 6B ) whereas about 10% of the interaction sites demonstrated some degree of trailing necrosis and growth of hyphae (Fig. 6C ) within the given time period. In the two double mutants the situation was reversed with 93 and 73% of the interaction sites resulting in trailing necrosis for myb28 myb29 and tgg1 tgg2, respectively. In a few instances, free hyphae, completely outgrowing the trailing necrosis could be seen on the myb28 myb29 double mutant. At an early time point of the infection, 36 hpi, the two mutants demonstrated less cell death than wild type ( Fig. 6D ) and the number of dead cells per interaction site was decreased to less than half of wild type in the two double mutants. This may suggest that slower cell death at early stages of infection results in less restriction of pathogen growth, and consequently, the growing hyphae are followed by delayed cell death. The isolate Hpa-Emwa1 also showed increased virulence on the double mutants as evidenced from an approximately six-fold increase in the number of sporophores produced 7 days after inoculation of cotyledons (Fig. 6E ).
Sulforaphane pre-treatment of Arabidopsis induces defense against virulent pathogens
To test whether sulforaphane can activate defense and provide increased immunity to naïve plant tissue, Arabidopsis was treated with sulforaphane before inoculation with virulent Hpa Cala2 (Fig. 7) . In this case, the accession Ler and the eds1 mutant in the Ws-0 background were used as controls as these lines are highly susceptible to the Cala2 isolate (Parker et al., 1996; Bailey et al., 2011) . Sporulation at 4 dpi was markedly decreased when plants had been pretreated with sulforaphane before inoculation with Hpa-Cala2. Treatment with sulforaphane 24 h after inoculation with Cala2 also led to decreased sporulation at 4 dpi, but the effect was significantly smaller. However, the effect of the sulforaphane was indistinguishable from the untreated controls at 7 dpi ( Fig. S4 ).
Discussion
The hypersensitive response was described over 100 years ago (Stakman, 1915; Mur et al., 2008) . Eighty years later, the basic genetics of effector triggered immunity started to be unraveled, and the past decade has seen an explosive increase in the understanding of the responding cells contributes to propagating cell death. Importantly, cell death must also stop from spreading and it has been described that cells adjacent to an HR site becomes more resistant to further pathogen attacks (Ross, 1961) .
In this study, we set out to identify cell death promoting compounds released by plant cells undergoing effector-triggered immunity. To this end we used bioassay-guided fractionation of a "diffusate" obtained from transgenic Arabidopsis leaf tissue where the bacterial effector AvrRpm1 was expressed in planta. A small-molecule extract that caused necrotic lesions when infiltrated into naïve wild type tissue was obtained from a bathing solution in which the transgenic tissue had been incubated. The extract was further fractionated and the single most active compound could be unambiguously identified as the isothiocyanate sulforaphane. We could also demonstrate that Arabidopsis wild type tissues infiltrated with P. syringae expressing AvrRpm1 released quantities of sulforaphane sufficient to induce cell death in naïve leaf tissue ( Fig. 2B and 3D ).
Sulforaphane belongs to a large and structurally diverse family of plant defensive compounds derived from glucosinolate precursors (Fahey et al., 2001) . When these are cleaved by thioglucosidases known as myrosinases, the unstable intermediates are converted to nitriles, isothiocyanates and thiocyanates. These compounds are found in many plant families especially in the Brassicale order, but are far from universal in the plant kingdom (Fahey et al., 2001) . In, fact, the presence of glucosinolates in plant species outside the Brassicale is a rare occurrence.
The plant species that does contain glucosinolates display a large degree of variation in composition of the side chain of their glucosinolates (Fahey et al., 2001; Agerbirk and Olsen, 2012) . Sulforaphane is thus restricted to a few plant species and the amount of both the precursor glucoraphanine and sulforaphane varies between Arabidopsis ecotypes (Kliebenstein et al., 2001 ). Thus, sulforaphane production in response to HR must be a very limited occurrence in the plant kingdom and any conservation should be sought in function rather than in structure.
The glucosinolates were previously considered as primarily anti-feeding compounds active , 2014) . Sulforaphane, specifically, was previously linked to resistance against non-adapted strains of P. syringae in Arabidopsis (Fan et al., 2011) and it was reported that non-adapted bacterial strains were highly sensitive to sulforaphane, whereas strains adapted for infection of Arabidopsis and other cruciferous plants were shown to harbor "Survival in Arabidopsis extracts" (SAX) genes mediating detoxification of sulforaphane produced by the plant host. We found that when wild type P. syringae expressing AvrRpm1 was infiltrated into Arabidopsis leaf tissue, the released sulforaphane was degraded at 24 hpi (Fig. 2B ). This was not observed with expression of transgenic AvrRpm1 ( Fig. 2A) , leading us to believe that the SAX genes in P. syringae are initially unable to keep up with the rapid production of sulforaphane.
This was supported by the observation that the sulforaphane released was not removed by a Δ sax P. syringae mutant expressing AvrRpm1 (Fig. 2C) . The exact mechanism for the apparent removal of sulforaphane by P. syringae remains unclear.
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Sulforaphane is but one of a family of similar compounds in Arabidopsis. The composition of the glucosinolate precursors and the cleavage products varies largely between different Arabidopsis accessions (Kliebenstein et al., 2001 ). The sulforaphane precursor glucoraphanine is the dominant glucosinolate in the ecotype Col-0 leaf tissue (Kliebenstein et al., 2001; Brown et al., 2003) . We tested to infiltrate a number of structurally dissimilar isothiocyanates into Arabidopsis Col-0 wild type leaf tissue and measured electrolyte leakage (Fig. 3D) . The results presented shows that several different isothiocyanates could induce cell death. Thus it seems likely that other glucosinolate breakdown products play a similar role in other ecotypes. Moreover, given the ability of sulforaphane to induce cell death in a variety of plants ( Fig. 3B and C) , the activity of these compounds might be conserved across the plant kingdom. Furthermore, indole-3-acetonitrile can also induce cell death upon infiltration into leaf tissue (Johansson et al., 2014) .Our admittedly very small screen of compounds did reveal very different potency depending on the nature of the side chains. This is in agreement with dependence on side chain for effects of isothiocyanates in various mammalian systems as well (Wu et al., 2009 ). However, any conclusions about the importance of chain length, structure or substituents would require a more thorough screen of different compounds.
To assess the in vivo function of the sulforaphane released during the HR, two different double mutant lines were used: myb28 myb29 and tgg1 tgg2. Both double mutants lack the ability to produce sulforaphane (Barth and Jander, 2006; Beekwilder et al., 2008; Sonderby et al., 2010a) .
Cell death induced by P. syringae expressing AvrRpm1 decreased only moderately in each of these double mutants and there was no detectable change in the ability of the mutant plants to restrict bacterial growth ( Fig. 5B and S3) . Thus, the HR pathway triggered by AvrRpm1 is able to proceed relatively unhindered despite an inability to produce sulforaphane. This is perhaps not surprising given that the defense response induced by AvrRpm1 is particularly robust (Tsuda et al., 2009 ). In contrast, there was a clear cell death and resistance phenotype of the double mutants towards two different isolates of the oomycete Hpa, with clearly delayed cell death and enhanced pathogen growth and sporulation (Fig. 6A, D and E) . The tgg and myb double mutants are arguably not ideal in their specificity towards lowered sulforaphane production, but given the very different nature of the mutated genes in the lines, it seems reasonable that the shared As sulforaphane infiltration caused a quick decrease in the cellular glutathione pool (Fig. 4) , we propose that the reaction sulforaphane with glutathione and the subsequent increase in redox potential as the most straight forward explanation for the action of sulforaphane. Thus, if sulforaphane acts by simply decreasing the glutathione pool of the cell and thus making this pool more oxidative, there is no need for specific receptors. It should be noted that the redox potential and the size of the glutathione pool are well known to have profound influence on many different cellular processes, including cell death (Noctor et al., 2011) . It has even been suggested that the half-cell reduction potential of cellular glutathione is a "universal" marker for stress and cell death (Kranner et al., 2006) . The notion that lower concentrations and thus higher oxidation of the cellular glutathione pool could induce defense is supported by our observation of protection induced by sulforaphane. Treatment with sulforaphane at a concentration which did not induce visible lesions offered increased protection against a virulent Hpa isolate (Fig. 7) . Our results support that sulforaphane and possibly other glucosinolate breakdown products might also functions in the regulation of expression of defense genes in neighboring tissue. It is apparent that natural products such as sulforaphane occupy a grey zone between antimicrobials and signaling compounds (Bednarek, 2012b, a) . It is however important to note that in this case "signal" does not refer to a classical ligand-receptor pair. Rather, the "signal" is composed of multiple reactive compounds that together provide an activity that drives the cell in the direction of certain outcomes; programmed cell death or defense priming.
To conclude, we herein provide evidence that the isothiocyanate sulforaphane is released from 
Plant cultivation and bacterial strains
Arabidopsis was cultivated under short day conditions (8-h day and 16-h night) at 22°C daytime and 18°C nighttime and 60 % relative humidity for 4 to 6 weeks. The myb28 myb29 mutant lines were confirmed by PCR using flanking and insert specific primers (Fig. S2) . Pseudomonas syringae pv. tomato, DC3000 transformed with a vector carrying the avirulence gene AvrRpm1 and were maintained on solid King´s B medium with appropriate antibiotics at room temperature. The vector pVSP61 containing the AvrRpm1 gene was isolated from DC3000 
Purification of cell death inducing substances
10 g of leaf tissues from 5-6 weeks old DEX:AvrRpm1/Col-0 or DEX:AvrRpm1/rpm1-3 were harvested into a beaker containing 50 ml deionized water with 20 µM dexamethasone (Sigma) and incubated for 6 hours with gentle agitation. The solution was filtered through filter paper and stored at -20°C under N 2 as a precausion. Small molecules were captured on a preconditioned 500 mg C18 solid phase extraction column (Discovery SPE, Supelco). The column was washed with water and bound compounds were eluted with methanol. The eluate was dried under nitrogen, suspended in water and used for infiltration or further purified by partitioning against chloroform:methanol:water (1:1:0.9). The chloroform phase was collected, dried, dissolved in methanol and subjected to HPLC on a 125 x 4.5 mm C18 LiChrocart column (Merck, Darmstadt, Germany). Flow was maintained at 1 ml/min and isocratic elution with methanol:water (70:30) was followed by a linear gradient to 80% 2-propanol 30 min. Fractions were collected manually, dried under nitrogen and dissolved in 0.5 ml water and used for leaf infiltration. The purified active fraction was dried in vacuo, dissolved in 100 µL of distilled ethyl acetate and aliquots of 0.5 µL were injected into a gas chromatograph (Hewlett-Packard model 5890) equipped with a mass selective detector (Hewlett-Packard model 5970). The detector was operated in the scan mode (m/z 50-600) and a capillary column of 5% phenylmethylsiloxane (12 m, 0.33 µm film thickness) with helium as the carrier gas was used. The oven temperature was raised from 80°C to 300°C at a rate of 10°C/min. The injector (temp, 200°C) was operated in the split mode.
Pathogen growth assays, electrolyte leakage and trypan blue staining
Exponentially growing P. syringae pv. tomato were resuspended from plates in 10 mM MgCl 2 and diluted to the proper OD 600 . For bacterial growth experiments, whole leaves were pressure inoculated with the suspension (OD 600 0.00002 (7.1*10 3 cfu)) using a needleless syringe. Plants were returned to growth chambers and samples were collected at the indicated time points (four 7 mm leaf discs from separate plants in four replicates). The discs were homogenized in 10 mM MgCl 2 , serial diluted and plated on King's B medium agar containing rifampicin and kanamycin.
The number of colony forming units (cfu) was determined three days after extraction and represented as described (Morel and Dangl, 1999) . Electrolyte leakage assays were performed as described (Mackey et al., 2002) with minor modifications. Bacteria suspended in 10 mM MgCl 2 were diluted to OD 600 0.01, corresponding to 3.55*10 6 cfu*ml -1 , and vacuum infiltrated into leaf discs (diameter 7 mm). The discs were rinsed in dH 2 0 and transferred to 6 well microtiter plates containing 10 ml dH 2 0 (4 disc/well in 6 replicates). Conductance was measured at indicated time points. Maintenance of Hyaloperonospora arabidopsidis isolates, preparation of inoculum for experiments, and the assessment of sporulation were as described (Tor, 2002) . Arabidopsis seedlings were sprayed with 400 µM sulforaphane suspended in deionized water 24 hours before or after inoculation with Hpa spores as indicated. Cell death was visualized by trypan blue staining as described (Koch and Slusarenko, 1990 ). reversed-phase high-performance liquid chromatography and ultraviolet spectrometry using a sample of authentic sulforaphane (Sigma-Aldrich Sweden AB) as reference.
Quantification of released sulforaphane
Two leaf discs were incubated in 1 ml of water after infiltration with P. syringae or dexamethasone solution. At times indicated the discs were removed and deuterated sulforaphane was added as an internal standard to the aqueous bathing solution. The sulforaphane was extracted by partitioning against 1 ml of dichloromethane. The organic phase was dried under N 2 and analyzed by GC-MS as described above or using an Agilent 7820 GC coupled to an Agilent 5975 mass selective detector. The ions 160 and 167 m/z were used for quantification of the endogenous and deuterated internal standard, respectively.
Quantification of total and oxidized glutathione
Leaf discs were vacuum infiltrated with sulforaphane suspended in water and left in room temperature for 30 minutes, whereafter 20 discs (130 mg of tissue) were ground into a fine powder in liquid nitrogen. Total and oxidized glutathione content in the tissue extracts was determined with an enzymatic method (Tietze, 1969; Queval and Noctor, 2007) . Samples were prepared in triplicates and measured three times. The glutathione redox potential was calculated as described (Queval and Noctor, 2007) .
Statistical analysis
Statistical analysis was performed as described (Johansson et al., 2014) using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). The conductivity at the final time point (6 h) of ion leakage assays using bacterial infiltration (Fig 5B) , the electrolyte leakage at each timepoint for chemical infiltration compared to mock (Fig 3D) , the bacterial growth at 3 dpi (Fig. S3) , the cell death progression and sporulation after Hpa inoculation (Fig. 6A, D, E and 7 ) and the sulphoraphane release following bacterial infiltration (Fig. 5 and S2 ) were subjected to one way kind gift of Prof. Jun Fan (Department of Plant Pathology, China Agricultural University, Beijing). Wild type, Col-0 Arabidopsis leaf discs were infiltrated with wild type P. syringae pv. tomato DC3000 (B and C) or the Δ sax mutant (C) expressing the effector AvrRpm1 (OD 0.1) and incubated in water. At the indicated times, the discs were removed and the amount of sulforaphane in the bathing solution analyzed. Average and range of duplicate samples is shown.
Figure legends
The experiment in A and B were performed three times with similar results and the experiment in C was repeated twice with similar result. 
syringae expressing AvrRpm1
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